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ABSTRACT The "excess water" condition in biologically relevant systems is met when a membrane mesophase coexists
with excess bulk water. Further addition of water to such a system results in no change to any of the system's physical
properties (e.g., transition temperature, repeat spacing, and structural mesophases). Moreover, because biological mem-
branes are anisotropic systems, many of their properties are best studied using aligned samples. Although model membrane
systems are routinely aligned, they have traditionally been hydrated with water vapor. It is well known that membranes
exposed to water vapor at 100% humidity do not imbibe the same quantity of water as a sample in contact with liquid water.
As such, membranes that have been hydrated with water vapor have physical properties different from those of membranes
dispersed in water. Because of this shortcoming, aligned membranes have not been utilized to their full potential. Here we
present a novel and simple method of aligning model membrane systems under conditions of excess water, which will make
possible, for the first time, a variety of techniques (e.g., neutron and x-ray diffraction, nuclear magnetic resonance, electron
spin resonance, attenuated total reflection infrared spectroscopy, etc.) for studying such systems under physiologically
relevant conditions. In addition, when dealing with samples of limited availability, the system allows for the conditions (buffer
pH and ionic strength) to be altered without any effect on the sample's alignment.
INTRODUCTION
Highly aligned membrane systems, when compared to pow-
der samples or commonly referred to liposomes, have made
possible a variety of techniques for extracting unambiguous
structural information from a number of model membranes
(e.g., Fringeli, 1977; Kar et al., 1985; Sirota et al., 1988;
Raghunathan and Katsaras, 1995; Prosser et al., 1996), and
in some cases have led to structural solutions only when an
aligned sample became available (Smith et al., 1988; Sirota
et al., 1988; Raghunathan and Katsaras, 1995; Katsaras et
al., 1995). When diffraction is the technique of choice,
aligned samples also allow for clear differentiation between
in-plane and out-of-plane correlations (Smith et al., 1988;
Raghunathan and Katsaras, 1995). Because of the fact that
the signal is not isotropic, as is the case for powders, data
collection is accelerated, and this reduction in acquisition
times holds true for practically all of the techniques used to
characterize such systems. In addition, the amount of ma-
terial required to make aligned samples is generally a frac-
tion of that needed for liposomal preparations. The use of
aligned samples is highly desirable; however, their major
drawback, until now, has been that they could not be pro-
duced under "biologically relevant" conditions, which are
generally accepted as being the following: 1) The lipids,
which form a bilayer, are in the liquid crystalline La phase,
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in which no long-range order within the 2D layers exists as
a result of the rapid translational diffusion and trans-gauche
isomerizations of the fatty acid chains. 2) The membranes
are placed in an excess of water such that at all times there
is a coexistence of lipid/water and water phases. 3) The
aqueous environment reflects relevant physiological pH and
ionic strength conditions.
Although lipid bilayers and membranes have been
aligned by a variety of methods (e.g., Clark et al., 1980;
Smith et al., 1988; Prosser et al., 1996; Katsaras et al.,
1997), the most commonly used, and possibly the most
practical, is the alignment of a membrane on a solid sub-
strate of either glass (Torbet and Wilkins, 1976; Raghu-
nathan and Katsaras, 1995) or silicon (Katsaras and Jeffrey,
1997) from a concentrated lipid/solvent solution. This well-
known method of sample preparation results in several
thousand highly aligned multibilayers with a mosaic spread
of only a few degrees when the samples are hydrated in a
100% relative humidity (RH) environment. However, when
compared to liposomes in contact with water, aligned sam-
ples hydrated with water vapor have a reduced level of
hydration (Jendrasiak and Hasty, 1974). This so-called va-
por pressure paradox is widely recognized and results in the
multibilayers having reduced repeat or d-spacings (Torbet
and Wilkins, 1976), elevated transition temperatures, and
different mesophases (Chapman et al., 1967; Sackmann,
1983). Attempts to immerse aligned multibilayers in water
result in the destruction of the orientation of the lipids
(Morrison, 1993).
In the late 1970s, Powers and Pershan (1977) managed to
align dipalmitoylphosphatidylcholine (DPPC) multibilayers
up to a water concentration of 30 wt%, after which the
samples exhibited a visible deterioration in alignment. At
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-30 wt% water there is a coexistence of hydrated Lp,
DPPC multibilayers with bulk water. However, it is only at
concentrations of water of -38 wt% or greater that the
excess water condition is met for the biologically relevant
La phase. Although the transition temperatures for the var-
ious mesophases are not affected by water concentrations
being slightly less than excess, structural parameters such as
repeat spacings are altered (Janiak et al., 1976; Ruocco and
Shipley, 1982). Powers and Pershan (1977) determined the
macroscopic orientation of the samples by using micros-
copy and conoscopy, but no mention was made of the
degree of alignment of the DPPC multibilayers (Powers and
Pershan, 1977). Although sample alignment was maintained
with decreasing temperature, on heating, "alignment was
often destroyed" (Powers and Pershan, 1977). Finally, in the
last few years, there have been two studies that have pro-
duced fully hydrated Lq, phase DPPC multibilayers by
allowing water to condense on an aligned sample (Katsaras
et al., 1992; Tristram-Nagle et al., 1993).
The transition temperatures for the various mesophases of
DPPC and dihexadecylphosphatidylethanolamine (DHPE)
liposomes in excess water, along with their corresponding
d-spacings, have been accurately determined by a variety of
methods (e.g., Janiak et al., 1976; Torbet and Wilkins, 1976;
Chen et al., 1980; Ruocco and Shipley, 1982; Stumpel et al.,
1983; Caffrey, 1985; Katsaras et al., 1986; Hing et al., 1991;
Mencke and Caffrey, 1991; Zhang et al., 1996; Nagle et al.,
1996). Using a novel and simple method of aligning model
membrane systems (Fig. 1), we have studied aligned
multibilayers of DPPC and DHPE immersed in water by
using neutron diffraction. The results show that the samples
are highly aligned ('0.5° mosaic spread) and that there is
an excellent agreement in both transition temperatures and
d-spacings for the various mesophases (e.g., L, Lt,, Pp,
La,. and HI,) between the aligned samples in excess water
and the liposomal preparations in excess water. All of the
samples proved to be stable over many days and sometimes
weeks of experimentation, with no change in the scattering
intensity for the various mesophases.
MATERIALS AND METHODS
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-Di-O-hexa-
decyl-sn-glycero-3-phosphoethanolamine (DHPE) were purchased from
Avanti Polar Lipids (Birmingham, AL) and used without any further
purification. Deuterated water (D20), with a purity of 99.95% and a pH of
6.4, was kindly supplied by Atomic Energy of Canada (Chalk River,
Ontario, Canada).
Aligned bilayers were prepared as follows: 0.5 ml of a concentrated
lipid/methanol solution (40 mg/ml) was pipetted onto the highly polished
surface of a silicon wafer of dimensions 1 cm X 5 cm. After the evapo-
ration of the methanol, a clear film was left adhering to the surface of the
silicon substrate. The remainder of the methanol was then evaporated by
placing the samples under a vacuum for 12 h, after which two teflon
spacers (1 cm X 0.5 cm x 0.005 cm) and an additional 1 cm x 5 cm
silicon wafer were placed on top of the sample, creating a silicon/lipid/
teflon/silicon "sandwich" (Fig. 1). The two teflon spacers, located at either
end of the rectangular silicon wafers, are an integral part of the system,
maintaining a gap of -0.005 cm between the two wafers. In arriving at the
TOP VIEW ( x2 )
DIFFRACTED
FIGURE 1 Detailed drawing of the sample holder and diffraction geom-
etry used for the present experiments. (1) Silicon/teflon assembly contain-
ing the aligned lipid multibilayers. (2) Lipid multibilayers. (3) Aluminum
pressure plate used to maintain 0.005 cm gap. (4) Water reservoir. (5)
Removable aluminum cassette that retains the silicon/teflon assembly and
the pressure plate. (6) Aluminum billets used to exclude water. (7) Indium
seal. The choice of materials used to construct the sample holder was made
simply on the basis that both aluminum and silicon are "transparent" to
neutrons. The idea behind the "cassette assembly" (4) will hold true for all
other techniques designed to make use of aligned membranes in excess
water conditions, the only difference being that suitable materials must be
chosen. Of further significance is that the conditions of the water reservoir
(e.g., pH, ionic strength) can be altered without affecting the alignment of
the sample. This is done simply by emptying the reservoir and refilling it
with the appropriate solution.
thickness of the teflon spacers, no systematic tests were performed. As
such, it is possible that slightly different thicknesses for the spacer can be
used, with similar results. The sandwich, along with an aluminum pressure
plate, was then placed and secured in the specimen "cassette" by two
screws located toward either end of the cassette (Fig. 1). At this point, the
cassette is introduced into the sample holder and the water reservoir filled
with D20. The sample is now completely immersed in water, allowing the
various mesophases to draw upon the water reservoir as required, to
achieve their limiting repeat spacing and transition temperature values. In
the aligned sample, the bilayer normal is orthogonal to the silicon substrate.
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Using this method of preparing aligned, fully hydrated bilayers, it was
found that the alignment of the multibilayer stacks ('0.5° mosaic) was
maintained on both increasing and decreasing temperatures.
An aluminum thermal shield placed over the sample holder was used to
minimize thermal gradients in the sample while the temperature was
controlled by a water bath, the water of which was circulated through the
base of the sample holder. It should be noted that although we used silicon
to align the DPPC and DHPE multibilayers, other materials such as glass
and a variety of crystalline materials (e.g., germanium wafers) can be used
successfully as a substitute for the silicon wafers.
The experiments were carried out at the Chalk River Laboratories NRU
reactor, using the N5 triple-axis spectrometer, which has a neutron flux of
-5.4 ± 0.3 X 109 neutrons cm-2 s-1 at the monochromator position.
Monoenergetic neutrons with a wavelength of 2.37 A ± 0.005 A were
selected by using the (002) reflection of a pyrolytic-graphite monochro-
mator (mosaic = 0.4°), and higher order neutrons were eliminated with a
graphite filter. The wavelength was determined by using a powder sample
of aluminum. The instrument resolution for the N5 spectrometer was
defined by Soller collimators, yielding an overall calculated AQ (FWHM)
of 0.008 A- 1.
The Bragg maxima in Figs. 2 and 3 were recorded using 0-20 or radial
scans. Because the scattering angle is twice the incident angle, every time
the sample is rotated by an angle 0, the detector is rotated by an angle 20
(Fig. 1). Rocking curves (Figs. 2 and 3, insets) are a measure of the angular
distribution of the lipid multibilayers with respect to the substrate and are
commonly obtained by fixing the detector on a Bragg peak (20B) and
rotating the sample through a series of angles qi with respect to the incident
beam (e.g., Katsaras et al., 1997; Miceli and Palmstr0m, 1995; Gibaud et
al., 1993; Franks and Lieb, 1979; Buldt et al., 1979; Worcester and Franks,
1976). The minima seen in the rocking curves (Figs. 2 and 3, insets) are the
result of increased absorption when either the incident or diffracted beam
is aligned parallel to the silicon substrate as the sample is rotated (Franks
and Lieb, 1979; Buldt et al., 1979). It should be noted that both 0 and qI
refer to the rotation of the sample and are used to differentiate between a
0-20 scan (Figs. 2 and 3) and rocking scans (Figs. 2 and 3, insets),
respectively.
RESULTS AND DISCUSSION
In the present experiments diffraction was used, as it is the
least ambiguous method of structural determination,
whereas neutrons are an ideal probe when it comes to
complicated sample environments, as many materials (e.g.,
aluminum) are transparent to them. In the case of neutrons,
the incoherent scattering and absorption cross sections for
both aluminum and silicon are small compared to their
coherent scattering cross sections (Sears, 1992). As such,
the sample assembly was constructed entirely from alumi-
num (Fig. 1). As a result of having an aligned sample, the
scattering does not occur isotropically, as is the case in
liposomal preparations, samples of which are effectively
powders. The advantage of nonisotropic scattering is two-
fold: 1) faster data collection, as the signal is not spread over
2,u; 2) clear differentiation between in-plane and out-of-
plane structure (Smith et al., 1988; Raghunathan and Kat-
saras, 1995). D20 instead of H20 was used, because the
incoherent cross section of deuterium for neutrons is small
compared to that for hydrogen (Sears, 1992). Because the
sample is predominantly composed of water, the use of D20
in place of H20 results in a better signal-to-noise ratio,
which in real terms translates into a faster rate of data
collection.
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FIGURE 2 Resolution-limited Bragg maxima of highly aligned ('0.5°
mosaic) DPPC multibilayers in the (a) L,, phase at 49.2°C with a lamellar
d-spacing of 65.4 A; (b) 70.5-A multibilayers in the P,3 phase at a
temperature of 40.5°C; and (c) L13' multibilayers with a d-spacing of 63.5
A at a temperature of 19.9'C. The error in the d-spacing measurements is
±0.3 A, and for the temperature measurement the error is ±0.5°C. Bragg
maxima were fitted using a single Gaussian function, except in the case of
the P,,3 phase, where two such functions were needed to fit the pattern. The
rocking curves or transverse scans (insets) for the first-order Bragg peak
show that the sample is highly aligned, exhibiting a mosaic of '0.5°.
The most widely studied model membrane system,
DPPC/water, has been characterized over the years by nu-
merous studies (e.g., Chapman et al., 1967; Jendrasiak and
Hasty, 1974; Torbet and Wilkins, 1976; Fringeli, 1977;
Sackmann, 1983; Katsaras, 1995; Raghunathan and Kat-
saras, 1995); its phase diagram was first established in the
1960s (Chapman et al., 1967). In the excess water condition,
the gel-to-liquid crystalline phase transition occurs at
-41.5°C. However, when the sample contains only 5 wt%
water, the transition temperature increases to 75°C (Sack-
mann, 1983). Under conditions of excess water, DPPC
liposomes have been shown by x-ray diffraction to have
d-spacings between 60 A (Janiak et al., 1976) and 67.2 A
(Zhang et al., 1996; Nagle et al., 1996) in the liquid crys-
talline La phase, whereas for the L,6, and Ps, phases, d-
spacings of -63.5 A (Torbet and Wilkins, 1976; Stumpel et
2926 Biophysical Journal
Fully Hydrated Aligned Lipid Bilayers
oo 3.0e+4 -
0
1.5e+4-
2._
0.Oe0 -
-4 9)
.Oe+4
o 4.5e+4 -
rin
0
.
_
a .00
1.6e+4
U,
CA
-
0
o 8.0e+3
UO
-u.ue+0
0.06 0.08 0.10 0.12
Q [lIA]
FIGURE 3 Bragg maxima of aligned DHPE mu
L. (b), and HI, (c) phases, with d-spacings of
(69.6°C), and 57.6 A (91.9°C), respectively. The
show that the samples are highly aligned, with roc
the first-order Bragg peak. Except for the HI, pha
the lamellar phases (a and b) are resolution limit
al., 1983; Katsaras et al., 1986; Nagle et
A (Janiak et al., 1976; Stamatoffet al., 1
1983), respectively, are commonly repc
Fig. 2 depicts the first-order lamellar
three phases of DPPC, obtained using
mellar sample in excess water (Fig.
multibilayers exhibit a d-spacing of 6
A-) (Fig. 2 a), in good agreement with
literature for DPPC liposomes in excess
1996; Nagle et al., 1996). It should be ne
this phase are known to vary noticeably
Stamatoff et al., 1982; Stiimpel et al.,
1992; Zhang et al., 1996), even from
within the same experiment (Zhang et a
ing curve for the aligned L, DPPC multi
the inset of Fig. 2 a; its shape is typical c
samples (Gibaud et al., 1993; Miceli and
As can be seen, the samples are extre
having a mosaic of '0.5°. On decreasin,
pure P3, phase was obtained at 40.5°C, in which the multibi-
layers had a d-spacing of 70.5 A and where the [1,0]
reflection of the oblique unit cell (Janiak et al., 1976) is
centered at a Q value of 0.089 A-1 (Fig. 2 b). Both the
temperature for the La Pol transition (Janiak et al., 1976;
0 2 Ruocco et al., 1982; Katsaras et al., 1986) and the repeat
v [degrees] spacing (Stamatoff et al., 1982; Ruocco and Shipley, 1982;
Stumpel et al., 1983) are in agreement with the values found
in the literature. The peak at Q = 0.073 A-1 is a result of
the [1,1] reflection of the oblique unit cell. Upon further
reduction of the temperature, a pure Lp, phase was obtained
at 31.4°C, again in agreement with previously reported data
(Janiak et al., 1976; Stumpel et al., 1983; Katsaras et al.,
1986). Fig. 2 c shows the first-order Bragg diffraction
0 2 maximum corresponding to the widely reported repeat spac-
y [degrees] ing of 63.5 A (Q = 0.099 A-1) for DPPC liposomes in the
Lp, phase at a temperature of -20°C (Stamatoff et al., 1982;
McIntosh and Simon, 1986; Nagle et al., 1996). As was the
case for DPPC multibilayers in the L,,, phase, the rocking
curve (Fig. 2 c, inset) for the Lp, multibilayers demonstrates
that the system is again highly aligned ('0.5° mosaic). As
mentioned previously, when compared to samples in the
excess water condition, 100% RH aligned DPPC multibi-
layers also exhibit repeat distances, which are much smaller
for all mesophases (Alecio et al., 1985; Sirota et al., 1988;
Katsaras, 1995; Katsaras and Jeffrey, 1997).
_Gl_Glycerophospholipids with choline (e.g., DPPC) and eth-
0.14 0.16 0.8 anolamine polar headgroups are the main constituents of
plasma and subcellular membranes. As such, to further
demonstrate the effectiveness of the technique on the other
altiblayer. theL.,(a major group of phospholipids, experiments similar to those
2lt2bilayer(2nCh)e 52 (a), described for DPPC/water were carried out with the lipid
insets shown in a and b DHPE. Dispersions of this lipid have been characterized
-king curves of -0.50 for extensively with both calorimetric (Hing et al., 1991) and
ise (c), Bragg maxima of diffraction (Hing et al., 1991; Caffrey, 1985; Mencke and
ted. Caffrey, 1991) measurements. Liposomal preparations of
this membrane system, under conditions of excess water,
have been shown to undergo two thermotropic phase tran-
al., 1996) and -70 sitions occurring at 67°C (LJ3 La) and 92°C (La > HI,
1982; Stumpel et al., (inverted hexagonal)) (Hing et al., 1991; Caffrey, 1985;
)rted. Mencke and Caffrey, 1991).
r Bragg maxima for Fig. 3 a shows the first-order Bragg maximum of the
an aligned multila- aligned DHPE/water system in the L,9 phase, corresponding
1). At 49.20C, L,, to a d-spacing of 62.2 A (Q = 0.101 A-') at a temperature
5.4 A (Q = 0.096 of 200C, in agreement with the x-ray diffraction data of
ivalues found in the DHPE/water liposomes at 220C, with a d-spacing of 62.5 A
water (Zhang et al., (Hing et al., 1991). Increasing the temperature causes the
ted that d values for system to undergo the well-known L. > La! phase transition
(Janiak et al., 1976; at -680C. Fig. 3 b shows the first-order Bragg maximum of
1983; Wolfe et al., the pure L, phase at 69.6°C, where the aligned excess water
isample to sample bilayers have a d-space value of 52.4 A (Q = 0.120 A-')
1., 1996). The rock- (Caffrey, 1985; Mencke and Caffrey, 1991). Further in-
lbilayers is shown in creases in temperature resulted in the La!phase transforming
)f epitaxially grown into the inverted hexagonal phase at a temperature of
I Palmstr0m, 1995). -90°C. Fig. 3 c shows the [1,0] reflection of the two-
mely well aligned, dimensional hexagonal lattice, which corresponds to a re-
g the temperature, a peat spacing of 57.6 A (Q = 0.109 A-1) and is in line with
b
-2
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x-ray data of DHPE liposomes in excess water (Caffrey,
1985; Mencke and Caffrey, 1991). Of note is the fact that
from 0 to 10 wt% H20, DHPE liposomes enter the HI, phase
directly from the Lp phase, bypassing altogether the L,
phase (Hing et al., 1991). Only above 15 wt% water are all
three phases observed, and only above 19 wt% do the
transition temperatures and d-spacings attain their limiting
values (Hing et al., 1991).
The results in this paper are seemingly in contradiction
with a recent theoretical paper by Podgornik and Parsegian
(1997), where they predict that for systems adsorbed to a
solid substrate, the bilayer undulations (which partly con-
tribute to the d-spacing of the system) are suppressed. This
dampening effect of the bilayer's mechanical undulations
manifests itself in the reduced d-spacing of the multibilay-
ers, especially those bilayers in the biologically relevant La,
phase. This indeed would be the case if the bilayers were not
in contact with liquid water but with water vapor! However,
in the present experiments the 0.005-cm teflon spacers
allow for the direct contact of liquid water on one side of the
sample, which then allows the bilayers to undulate. Once
this occurs, the energy costs for the other side of the sample
to "lift off' from the substrate to allow undulation are
negligible. As such, the silicon substrates act in "confining"
the sample. Without the use of the teflon spacers, the
maximum d-spacing obtained for L., and La phase DPPC
multibilayers was 62.8 A and 61.6 A, respectively.
SUMMARY AND CONCLUDING REMARKS
It has been stated that the best way to ensure full hydration
(excess water) in aligned membrane systems is to have the
samples immersed in water (Morrison, 1993). "Unfortu-
nately the orientation of the lipids (DPPC) cannot be main-
tained under these conditions" (Morrison, 1993). Here we
have reported on two membrane systems (DPPC/water and
DHPE/water) composed of lipids with the two most com-
mon types of polar headgroups, which have been aligned
under conditions in which full hydration for all mesophases
is ensured. In addition, emptying the water reservoir allows
for new conditions of pH and ionic strength to be introduced
without any disruption to the alignment of the sample, an
important consideration when dealing with samples of lim-
ited availability. This novel method now opens up the path
for the study of highly aligned, biologically relevant mem-
brane systems by a variety of techniques (e.g., x-ray and
neutron diffraction, nuclear magnetic resonance, electron
spin resonance, attenuated total reflection infrared spectros-
copy, etc.) under physiologically meaningful conditions.
The author is indebted to Mr. L. E. McEwan for the machining of all of the
components shown in Fig. 1, Mr. M. J. Watson for the detailed figures, and
Drs. Brian M. Powell, V. A. Parsegian, R. Podgornik, and Z. Tun for their
insightful comments.
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